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SUMMARY

The minimum explosible concentrations of MI propellant, RDX,
HMX, and ball powder were determined with a specially constructed,
steady flow, spark ignition apparatus. Results were in general
agreement with data that have been obtained using Hartmann appara-
tus, which produces less homogeneous clouds.

Dust-concentration sampling was carried out at three Army
ammunition plants to assess the explosion hazard present during
some loading operations.
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INTRODUCTION

Background

Although dust explosions have been a recognized hazard for
about 200 years, it has been in the last 25 years that scientific
studies have been undertaken. These were chiefly motivated by the
need to find the cause of coal mine explosions and the means to
prevent them. Dusts can be classified into two types: (1) capable
of ignition with a resultant flame propagating from the ignition,
and (2) capable of ignition but without any flame propagation. It
is only those of type 1 that constitute a hazard.

This study was undertaken to evaluate the possibility of fire
and explosion in Army manufacturing and loading installations due
to dust dispersions of energetic materials (explosives or propel-
lants) in air. The study consisted of two efforts. One was an
experimental program to measure the minimum dust concentrations of
various materials required to present a type I hazard. The other
was a sampling program in the manufacturing plants to determine the
dust concentrations produced during production operations.

Spark Ignition

The most likely ignition source to be encountered in practice
is a spark discharge. Since spark3 are known to be effective igni-
tion sources and can be well controlled and reproduced in the labo-
ratory, spark ignition was chosen for this study. The goal was to
measure a minimum concentration of dust at which ignition and flame
propagation will occur for a particular energetic material. The
manner in which ignition energy varies with dust concentration
provides a basis for the minimum dust concentration concept. Fig-
ure I shows schematically a typical curve of ignition energy versus
explosible dust concentration. There are two critical values asso-
ciated with this curve. One is the minimum ignition energy (Emin)
required to ignite the dust at its most favorable concentration,
and the other is the minimum dust concentration (Cmin) where the
required ignition energy becomes extremely large.

Previous studies that attempted to measure the minimum igni-
tion energy have resulted in ambiguous data. For example, studies
of spark ignition of a gaseous methane-air mixture resulted in a
minimum spark energy of 0.28 x 10- joule for an 8.5% methane-air
mixture (refs 1 to 7). Then Priede demonstrated that if a series
resistance of 5 x 104 ohms is introduced in the capacitive dis-
charge circuit, the minimum energy can be reduced to about half of
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that obtained when the resistance was removed (ref 8). He postu-
lated that the resistance lengthened the spark time, that leads to
a reduction in energy losses from heat conduction (ref 9).

A similar situation exists in determining the minimum energy
for dusts. Line et al. employing a high-speed camera, showed that
sparks can disturb the dust cloud adjacent to the spark (ref 10).
His photographs demonstrate the existence of a small dust-free
region adjacent to the spark. Eckhoff found a similar result (refs
11 and 12). The studies by Boyle and Llewellyn (ref 13), Priede
(ref 8), and Moore et al. (ref 14) have shown that a series resist-
ance in the spark discharge circuit can dramatically affect the
minimum energy for ignition. Studies using a wide variety of spark
circuits have confirmed that long duration sparks are more effi-
cient in producing ignition than short-duration sparks (ref 15).
Eckhoff postulates how the theoretical aspect of the spark disturbs
the dust cloud and causes this effect (refs 9 and 12).

In contrast to this situation, the value of Cmi n is not appa-
ratus dependent. Since the slope of the curve becomes very large,
changes in the ignition energy do not produce minimum explosible
concentrations that differ noticeably from C in .  Measurements of
Cmin can be made by choosing a sufficiently large ignition energy
to insure operation on the nearly vertical section of the curve and
by simply varying the dust concentration until no ignition is ob-
tained. This approach was adopted in this study (ref 16).

A problem with closed bomb measurements of Cmin is obtaining a
uniform dust concentration throughout the test volume. Usually a
weighed amount of dust is dispersed in the closed bomb by a blast
of air. Inhomogeneity of the dust within the bomb is not charac-
terized, although, as pointed out by Eckhoff (refs 11 and 12),
concentration gradients are likely to occur. The spark ignition
apparatus designed for this study attempted to eliminate this prob-
lem by providing a steady flow of dusty air past the electrodes.
Dust concentrations were determined through measurements of dust
collected in a given period of time.

Types of Explosions

A dust in which reaction propagates by the combustion of par-
ticles with the suspending gas is considered explosible. Because
explosives and monopropellants contain their own oxidizers, they do
not require external oxidizers to undergo a reaction. Therefore,
dust from explosives and monopropellants may explode in inert at-
mospheres. However, in practice, airborne dusts use atmospheric
oxygen during an explosion. All tests conducted in this study
examine the explosible property of these airborne dusts.

2
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Within the definition of the general term "explosion" there
are two processes to be considered: deflagration and detonation.
A deflagration is a flame propagation through the dust at veloci-
ties less than the local speed of sound. Pressure waves associated
with this process are typically mild and overpressures developed in
an unconfined environment are less than 101.3 kPa (0 aLmosphere).
A detonation is a reaction propagation through the dust at veloc-
ities much greater than the local speed of sound. Strong shock
waves are associated with such an event. Some dusts will support
both types of processes depending on the details of the ignition.
Strauss has demonstrated the detonability of aluminum dust in oxy-
gen, and Lu et at. have demonstrated detonability characteristics
in aluminum dust-air mixtures (refs 17 and 18). Another study has
shown that coal dust-air mixtures can be made detonable if they are
sensitized by addition of methane (ref 19). A detonation of a dust
is much more destructive and far reaching than a deflagration of
the same dust.

Deflagrations in some materials can undergo transition to
detonation. Generally, this transition requires some confinement
or obstacle within the volume of explosive material. Deflagration
of part of the explosive mixture sets up a flow of the unreacted
mixture along the confinement or obstacle. Turbulence is generated
in the flow ahead of the flame. When the flame interacts with this
turbulence, a localized autoexplosion may occur which is the begin-
ning of the detonation which consumes the remainder of the explo-
sive mixture. What starts as a slow deflagration becomes a detona-
tion, producing a strong blast wave. The small region where the
autoexplosion occurs is called an "exothermic center." Currently,
it is not possible to accurately prescribe the conditions leading
to the formation of these centers, although some materials are much
more likely to form them than others. A dust's potential to under-
go transition should be evaluated along with its potential to be-
come ignited and propagate a flame.

EXPERIMENTAL PROCEDURES

Dust Ignition Experiment Apparatus

An apparatus was constncted that allowed a spark discharge to
be passed through a flowing dust-air mixture of uniform dust con-
centration (figs. 2 and 3). Dust concentration could be con-
trolled. The procedure was to fix the spark energy at a suffi-
ciently high value and to vary the dust concentration to determine
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the concentration below which no ignition will occur. Minimum
spark energies for HMX/TNT and RDX/TNT dusts have been measured by
Willim and Nicholson and have values of 0.016 and 0.022 joules,
respectively (ref 15). In addition, the study by Gehring and
Friesenhahn (ref 20) on the explosibility of MI propellant dust
indicates that the steep region of the ignition energy versus ex-
plosible dust concentration curve begins at about 0.3 joules (ref
21). A spark energy ten times this value (3 joules) was chosen in
this study to insure operation on the steep part of the curve.

The apparatus was set up in a test chamber with control panels
(fig. 4), oscilloscope, and streak camera located in an adjoining
room. Primary airflow through the dust fluidizer was registered on
the control panels,as well as secondary airflow used to dilute the
primary dust stream to desired concentrations. The resulting dust-
air mixture entered the vertical tube test volume from the top. A
Tektronics type 555 dual trace oscilloscope was used to record
output from photodiodes that monitored flame propagation. A
Beckman and Whitley model 370A streak camera also monitored flame
motion. Valve openings ai.1 spark discharge were synchronized with
a Jenor Model 2410 automatic rogrammer.

In the electrical circuit for the spark ignitor the voltage
was variable from 1 to 10 kilovolts and the capacitance was vari-
able from 1 to 5 pF in I-IjF increments.

Dust Ignition Experiment Operation

Samples were taken from production grade RDX, HMX, Ml propel-
lant and ball powder. These materials were ball milled and par-
ticles larger than 250 mm were removed by dry sieving the M1 and
ball powder and wet sieving the RDX and HMX with freon (RDX and HMX
are not soluble in freon). Sieving was accomplished using either a
sonic sifter (Fisher-Scientilic) or large standard screens and
brush. Residual moisture or solvent was removed from the RDX and
HMX samples by placing them in a drying oven at 80*C for one hour.
These materials are not affected by 80C temperature. Table 1
gives the composition of MI and ball powder used in the tests.

A dust sample was placed in the dust reservoir, and the pro-
grammer was energized to permit flow of air through the dust bed
and into the 6 foot long, 2-inch-inner diameter plastic vertical
tube (figs. 2 and 3). Another signal started the firing sequence,
causing the programmer to automatically close control valves and
within 50 msec, discharge the capacitors through electrodes mounted
in the column. The amount of enerFy in the discharge was calcu-
lated in the usual way using the E =;/2 CV2 formula, although the
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resulting value does not represent the true energy absorbed by the
dust.

Dust concentration during a run was measured by collecting the
dust exiting the vertical tube for a fixed time interval and rela-
ting this to the amount of air flow during this interval. Air flow
was measured by rotameters in both the primary and secondary air
lines. Dust concentration in this airflow was determined through
measurements as staying within 10% of the average value throughout
a test run. Variations in dust concenLration between runs with the
same initial conditions were within 20%.

Any propagating reaction in the dust column was detected both
by the photodiodes and the streak camera. The time required for a
flame to pass between the two photodiodes was recorded so the flame
velocity could be calculated. A separate calculation of the flame
velocity was made from the simultaneous streak photograph.

Manufacturing Site Sampling Apparatus

Air pumps were used to draw dusty air through millipore poly-
vinyl chloride (PVC) or cellulose ester filters that had been tared
and placed in millipore aerosol analysis monitor holders. The flow
rate through the filters was calibrated to a rotameter in the line
to the pump. Calibration was accomplished by connecting a gra-
duated 1000 mL tube to the intake of the filters. The pump was
operated for a length of time sufficient to stabilize the flow
rate. A dish containing soap solution was momentarily brought into
contact with the bottom of the inverted intake, and the time for
the bubble-air interface to sweep out a particular volume of the
graduated tube was measured (fig. 5). This value was converted to
liters per minute flow rate for that particular rotameter setting.
In this way, a chart relating rotameter setting to flow rate was
constructed. All pumps were individually standardized.

Manufacturing Site Sampling Operation

At the manufacturing site, likely locations for sampling were
noted during a walk-through inspection. The schedules of the work-
ers and the magnitude and frequency of the operation were noted. A
schedule was then devised to allow the sampling pumps to be set up
in such a way as to cause minimum interference with production and
to allow a sampling time of 2 hours or more. Most of the filters
used were the polyvinyl chloride type since they are not as sensi-
tive to humidity variation as are cellulose ester filters. After
the pumps were emplaced and attendant filters connected, the pumps
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were started and adjusted to a flow rate of between 1.5 and 2.5
liters per minute. The sample volume was determined by multiplying
the flow rate and the total pump operation time.

The used filters were preweighed and weighed again after dust
samples were collected. The difference in weight represents the
weight of the dust. To obtain the concentration the quantity of
dust collected is divided by the sample volume.

RESULTS OF SPARK IGNITION STUDIES

Table 2 summarizes the results obtained here with HMX and
shows that for the 3 joule discharge, the minimum explosible dust
concentration is 0.3 g/liter for particles in the 125 to 177 m
range and between 0.15 to 0.3 g/liter for particles in the 88 to
125-pm range. No ignition was observed for concentrations below
0.15 g/liter or with larger particles. These results are in gen-
eral agreement with the results obtained by Hazard Research Inc.
with a Hartman apparatus (ref 21). Exact agreement is not expected
since the Hartman apparatus produces a relatively inhomogeneous
dust cloud. They found that for class 1 HMX particles of median
diameter 100 pm, ranging from 65 to 320 Um, the minimum explosible
concentration was 0.5 g/liter. Considering their less homogeneous
dust concentration and their larger range of particle sizes, this
result seems consistent with that obtained here.

Table 3 shows the results obtained with RDX. The minimum
explosible dust concentration is 0.3 grams per liter for particle
sizes in the range of 63 to 88 i'm. For particle sizes in the range
of 177 to 250 im, ignition was not observed. The RDX powder had a
tendency to form clumps, which caused the particle size to change
during an experimental run; therefore, the particle size associated
with these results may not be the same as the initial particle
size. However, the results are consistent with the HMX results,
where no agglomeration occurs.

Dusts that were roughly similar to those studied here were
tested by Willim and Nicholson (ref 15). They tested 60/40 RDX/TNT
and 75/25 HMX/TNT mixtures by sparking dust clouds formed after a
blast of air was passed into a known amount of powder. No provi-
sion for observing flame propagation was made. For their RDX/TNT
dust, with particle sizes ranging from 124 to 154 im, they found a
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minimum ignitable dust concentration of approximately 0.09 to 0.12
grams per liter. In contrast, our results for RDX dust, with par-

ticle sizes ranging from 125 to 177 lim, indicate a minimum explos-
ible dust concentration of 0.75 to 1.5 grams per liter.

Since Willim and Nicholson did not determine whether a flame

would propagate through their low concentration after its ignition,
their values may not represent actual explosible concentrations.
Normally, the concentration required for ignition alone is lower
than the concentration required for ignition followed by flame
propagation. This fact could account for most of the difference in
values. The greater nonuniformity of dust concentration in their
experiment also contributes to this difference.

If the data obtained here are plotted on a curve of concentra-

tion versus particle size (figs. 6 and 7), a region in which igni-
tion can be expected becomes apparent. The average particle sizes
for the four ranges presented in tables 2 and 3 were used in fig-
ures 6 and 7. (There is a general view that the ignitability be-
comes easier as the particle size decreases.)

Table 4 gives results obtained with MI propellant. Minimum
concentration for ignition is less than 0.06 grams per liter, but
no subsequent flame propagation occurs through the low density
dust. This value agrees with the value found by Hazards Research,
Inc., of 0.05 to 0.06 grams per liter using their Hartmann appara-

tus (ref 21). A minimum dust concentration of 0.3 grams per liter
was sufficient for ignition followed by flame propagation in the
particle size range of 44 to 150 Pm. The minimum value lies
between 0.15 grams per liter and 0.3 grams per liter. This value

compares well with the minimum explosible dust concentration of
between 0.122 and 0.244 grams per liter determined for the partiles
ranging in size from 75 to 105 tim found by Gehring and Friesenhahn
of Southwest Research Institute (ref 20).

Severe agglomeration was encountered in testing ball powder.
An ignition was observed for a concentration of 3 grams per liter,
but no subsequent flame propagation occurred (table 5).

Although the minimum explosible dust concentrations are deter-

mined, factors that may occur in the manufacturing plants can sig-
nificantly change the minimum values. The most likely factor is
the presence of solvent vapor in the dust-air mixture. Solvent-air
mixtures of 0.05 grams per liter of solvent are detonable, and the
ignition energy for these gaseous mixtures is low. In addition,
other modes of dust ignition are possible. An explosion from
another source may generate a strong shock wave which propagates
into the dust, causing ignition. This method of ignition may cause
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ignition of concentrations or particle sizes that are not ignitable
by a !zpark.

With regard to differentiating between deflagration and deto-
nation during these tests, no indication of deflagration-to-
detonation transition was observed, although all the ignitions were
followed by flame propagation down the tube. The lucite vertical
tube used as a test volume was not destroyed during any of the
propagations, indicating only low pressures were developed.

Streak photographs provide the best evidence that no transi-
tion to detonation occurred. An example of the appearance of a
streak photograph taken of deflagration-to-detonation transition is
shown in figure 8. The mixture was stoichiometric propane-oxygen
that was spark ignited. Transition to detonation is indicated
where the sharp change of slope occurs. Once started, the detona-
tion propagates at great speed both into the partially reacted
mixture already traversed by the flame front (called retonation)
and into the undisturbed mixture.

A representative streak photographs of flame propagation
through three RDX powder dusts is shown in figure 9. All the
streak records indicate flame speeds of approximately 300 m/sec,
which is close to the velocity of sound in air. The flow field
generated during an actual accident situation is more complicated
than the flow induced in the vertical tube by the flame motion.
Therefore,transition to detenonation in these dusts cannot be ruled
out based on the results of this study alone.

RESULTS OF MANUFACTURING SITE SAMPLING STUDIES

Trips were made to Radford, Indiana, and Milan Army Ammunition
Plants to obtain data on explosive dust concentrations which could
be used, together with the laboratory ignition studies, to assess
the hazards at these plants.

The operations investigated and the concentrations of dust
observed at Radford Army Ammunition Plant are given In table 6.
These concentrations are significantly lower than the concentra-
tions of explosive and propellant dusts required for ignitione
(about 0.15 to 0.3 grams per liter). Therefore, the values ob-
served at Radford do not constitute an obvious hazard; however,
some additional points follow. Since most operations are batch-
wide and are remotely controlled, sampling must be controlled from
a remote site, or the sampling must be accomplished over a time

8L j.I



period greater than an actual batch period of operation. The re-
sults obtained may not be indicative of the maximum dust concentra-
tion that occurs during a batch run.

Data obtained at Indiana Army Ammunition Plant from the sites
indicated in figure 10 are presented in tables 7 and 8. The con-
centrations appear to be several orders of magnitude below that
required for ignition; however, if the dust reservoir that accumu-
lates near the bag-loading machinery was blown into the air, haz-
ardous concentrations could be obtained. Based on conversations
with maintenance personnel responsible for blowing down dust from

weighing hoppers, large lot-to-lot variations in dust levels exist,
with some lots appreciably more dusty than those sampled here. It
might be inferred from the frequency of blowing down of dust at
Indiana Army Ammunition Plant that dusts may reach four to five

times the levels determined during our sampling visit.

The data obtained at Milan Army Ammunition Plant, presented in

table 9, do not indicate a hazard. However, drilling and facing
operations on M105 shells generate a large quantity of dust which
is exhausted through a 50.8 mm (2 in.) diameter aluminum collector
tube to a dry scrubber. Based on conversations with the operator,
it is estimated that 34 kg of dust are obtained from three collec-
tors per hour in the cyclone precipitators. Thus the collecting
line and precipitators contain enough dust in layer form that, if
dispersed by some event, a hazardous concentrations in air could
result.

CONCLUSIONS

1. Studies of the ignition of energetic dust, using a flow
system which permitted good control and characterization of dust
concentration, gave results in essential agreement with previous
studies using the Hartman apparatus.

2. The dust concentration required for ignition was a func-

tion of particle size.

3. Measurements made at Army ammunition plants of normal,
air-suspended dust did not reveal concentrations sufficient to
present an obvious explosive dust hazard.

4. Sufficient dust accumulates at certain sites in the plants
that an external event such as a nearby explosion could stir up

dust clouds with hazardous concentrations that can transition from
a deflagration to detonation reaction.
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RECOMMENDATIONS

I. A study should be conducted to determine the ignition
parameters associated with dust layers that are fluidized by an
external source.

2. A study should be conducted to determine the sympathetic
detonation parameters associated with shockwaves impacting dust
layers.
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Table 1. Composition of MI propellant and ball powder(%

Compound Ml propellant Ball powder

Nitrocellulose (13% N) 84.2 97.7

2-Nitrodiphenylamine -- 1.3

Dinitrotoluene 9.9 -

Dibutylphthalate 4.9 --

Diethylphthalate -- 1.0

Diphenylamine 1.0 --

Total 100.0 100.0

Moisture and volatiles* 1.25 1.0

*Not normally included in composition specification values,
but considered an added ingredient.
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Table 2. Ignition characteristics of HMX dustsa

Dust concentration (g/liter)
Particle size

(Um) 1.5 0.75 0.3 0.15

177 - 250 no flame no flame no flame no flame

125 - 177 flame flame flame no flame
propagated propagated propagatedb

88 - 125 flame flame flame no flame
propagated propagated propagated

algnition energy = 3 joules.

binconsistent ignition.
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Table 3. Ignition .characteristics of RDX dustsa

Dust concentrationb (g/liter)
Particle size

(jm) 1.5 0.75 0.3 0.15

177 - 250 no flame no flame no flame no flame

125 - 177 flame no flame no flame no flame
propagated

88 - 125 flame flame no flame no flame

propagated propagated

63 - 88 flame flame flame no flame
propagated propagated propagated

algnition energy = 3 joules.

bSome coalescence of material.
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Table 4. Ignition characteristics of MI propellant

Particle size Concentration Ignition

(Mn) (g/liter) Characteristicsa

75 - 150 0.1 No flame

44 - 150 0.6 No flame

44 - 75 0.3 Flame propagation

algnition energy = 3 joules.

Table 5. Ignition characteristics of ball powder
(dust concentration - 3.0 grams per liter)a

Particle size distribution

Percentage Size range (um) Ignition characteristic

0.11 20 - 30 Slow burning

0.45 30 - 50 Slow burning

0.28 50 - 70 Slow burning

0.04 70 - 100 Slow burning

algnition energy - 3 joules.
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Table 6. Controlled sampling at Radford Army Ammunition Plant

Dust
Sampling time concentration

Operation and location of sample (min) (g/liter x 10-6)

Tray dumping of AHH* (at top of 2 < 18.3
bin; bin vented on two of four
sides)

Blending of ingredients for N5 5 < 7.4
roll powder (at mouth of blend-
ing barrel; one top and one 5 < 12.4
bottom)

Grinding of 2 DNPA and KNO3  5 < 6.7
(behind each grinder) 15 < 4.2

Block breaking of nitrocellulose 8 < 4.6
(at output chute of block-breaker) 8 < 7.8

Packing of can with M30 17 64.0

propellant (105 mm) (at bottom
level where propellant dumps
into bin)

*Refer to reference 22.
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Table 7. Controlled sampling at Indiana Army Ammunition Plant

Location of Sampling time Dust concentration
sample* Chr) -(g/liter x 10-6)

A 2 58
B 2 4
C 2-1/4 1
D 1-1/4 10
E 1-1/4 19
F 2-1/4 85
G 3-1/4 294
H 1-1/6 242

1 2 2
1 1-1/6 165
K 1-1/6 78
L 2 6
M 1-1/6 199

*Refer to figure 11.
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Table 8. Uncontrolled samplinga at Indiana Army Ammunition Plant

Location of Dust collected

sampleb (g)

N 0.165

N 0.748

0 0.016

P 0.020

aThese samples cannot be related to a known flow rate of air,

but instead relate to dust fallout over a 10.74 cm- area

during a 90-minute period.

bRefer to figure 11.
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Table 9. Controlled sampling at Milan Army Ammunition Plant

Dust
Operation and location Sampling time concentration

of sample (hr) (g/liter x 10- 6)

Comp B flake dump:
at mouth of hood no. 2 3-1/4 Negligible
at mouth of hood no. 3 3-1/4 Negligible

Conveyor:
behind hood no. 2 4-5/12 1.28
behind hood no. 3 0.5 Negligible
behind hood no. 3 4-1/3 1.92

Riser scrap addition 5-3/4 0.87
(above riser sump chute)

Riser knockout:
at mouth of hood no. I 4-I/4 Negligible
at mouth of hood no. 2 4-1/4 0.49
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Figure 6. Explosible dust concentration versus
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